Electric and magnetic properties of multiferroic GdMn 2 O 5 in external magnetic fields were investigated to map out the magnetoelectric phases in this material. Due to strong magnetoelectric coupling, the dielectric permittivity is highly sensitive to phase boundaries in GdMn 2 O 5 , which allowed to construct the field-temperature phase diagrams. Several phase transitions are observed which are strongly field-dependent with respect to field orientation and strength. The phase diagram for a magnetic field along the crystallographic a-axis corresponds well to a polarization step, as induced by 90 • rotation of Gd magnetic moments. Our results support the model of two ferroelectric sublattices, Mn-Mn and Gd-Mn with strong R-Mn (4f -3d) interaction for the polarization in RMn 2 O 5 .
I. INTRODUCTION
Multiferroics are materials in which magnetic and electric orders coexist and which are promising for the development of novel functional materials and devices [1] [2] [3] [4] . The coupling between the magnetic and electric degrees of freedom has the consequence that multiferroics exhibit new physical effects: electric and magnetic orders can be modified by external magnetic or electric fields and the propagation of electromagnetic radiation can be controlled.
Recently, the observation of large polarization 5 in GdMn 2 O 5 and of colossal magnetoelectric effect in TbMn 2 O 5 and DyMn 2 O 5 had a significant impact in the field of multiferroics 6, 7 .
Rare-earth multiferroic manganites, RMn 2 O 5 received much attention because of large ferroelectric polarization, puzzling magnetic structure and strong coupling between magnetic and ferroelectric orders [5] [6] [7] , as compared to other multiferroics such as RMnO 3 8,9 , LiCu 2 O 2 10 , and MnWO 4 11,12 . Because of the complex magnetic interactions and spin-lattice coupling, our current understanding of the underlying physics in RMn 2 O 5 still needs considerable efforts 13, 14 . Property Measurement System. The system was supplemented by the vibrating magnetometer and by the Alpha impedance analyzer to measure the complex dielectric permittivity ε.
Dielectric results shown originate from measurements at fixed frequency of 10 kHz.
The single crystal of GdMn 2 O 5 was grown by using the flux method 5, 6 , similar to other µ 0 H, up to 12 T. Sweeping the magnetic field at selected temperatures provided additional information to complete the magnetoelectric phase diagrams.
In dielectric and magnetoelectric experiments, it is important to take care of possible artefacts due to conductivity 27 and magnetoresistance 28, 29 in the sample. In order to exclude such effects, several test experiments at different frequencies were carried out. We found that the real part of the dielectric permittivity, ε 1 , measured at frequencies of 1 kHz, 10 kHz, and 100 kHz agree to each other within few percent. In addition, the imaginary part of the permittivity, ε 2 , does not exceed ∼ 0.2 in all experiments below T = 70 K. We believe that these tests exclude extrinsic conducting effects in our measurements. Such effects could indeed be observed at temperatures above 100 K as ∼ 50% increase of ε 1 and as ε 2 increasing by factor of three. Near T C ∼ 29 K, the dielectric permittivity exhibits a divergent behavior identifying another ferroelectric phase transition accompanied by a rapid growth of P b. Additionally, a small anomaly at low temperatures appears at T ∼ 11 K. Since this temperature closely coincides with a maximum of the magnetic susceptibility along the a-axis (see Fig. 6 ), we attribute this anomaly to Gd ordering transition 5, 18, 30 .
For several other members of the RMn 2 O 5 family, the main ferroelectric peak is nearly independent of the applied field 7, 22 . One of the interesting consequences of external magnetic fields in GdMn 2 O 5 is the transformation of the kink at T N 2 into a well pronounced peak which further moves towards higher temperatures with increasing magnetic field µ 0 H a > 3 T.
In addition, the sharp peak at T C decreases rapidly and moves towards lower temperatures with increasing H a and fully vanishes at µ 0 H a ∼ 6 T. In the geometry H a, a new peak appears in the low temperature range at T X2 ∼ 20 K, above 6 T. This temperature separates two ferroelectric phases assigned as FE1 and FE5 (see Fig. 4 ).
Applying magnetic fields along the b and c axes, qualitatively similar dependencies are observed (Fig. 2) , except for substantially higher absolute values of the characteristic fields at the phase transitions. This agrees well with the fact that the a-axis is the easy magnetic shown in Fig. 3 . The left panel of Fig. 3 shows the data for the zero magnetic field and it demonstrates that static polarization in GdMn 2 O 5 can be seen solely along the b-axis in the zero magnetic field. We note that spontaneous polarization shows a well-defined step and substantial hysteresis at T C . Both features are indications of the first-order transition in µ 0 H ≥ 6T , the saturation tendency of P b → 1500µC/cm 2 below T C is interrupted close to T X2 ∼ 20 K and an additional contribution to the polarization starts to grow. As a result, the low-temperature polarization in GdMn 2 O 5 reaches P b ∼ 2500µC/cm 2 . As will be discussed below, we attribute an additional contribution to the influence of Mn-Gd interactions.
Another interesting result of the polarization experiments is the appearance of a sharp step-like feature in P b at T P ∼ 5 K in the field range of 4.5-5.5 T which is marked by arrows in the middle and right panels of Fig. 3 . This feature is accompanied by a peak in the dielectric permittivity at the same temperature. The behavior of electric polarization around T P may be a hint for a possible partial polarization flop from the P b axis to the a or c axes. Similar polarization flop occurring at ∼ 5 K in external magnetic fields have been observed earlier in [24] . However, in the present experiments no spontaneous polarization along the a or c axes could be observed within the experimental accuracy. This phase boundary is only weakly temperature-dependent and, therefore, it has not been observed in fixed-field scans. For H b and E a (bottom right), strong anomalies of ε a (H) around 11 T have been detected, which corresponds to the same phase boundary in the H b geometry.
In the case of H a, the boundary at T C between the FE2 and FE1 phases smoothly transforms to the FE2/FE5 phase boundary around 5.5 T. At low temperatures (T < 6 K), additional structure is seen in several magnetic field-dependent experiments. Because this temperature range corresponds to an ordered state of the Gd spins, a possible explanation for additional boundaries may be a reorientation of the Gd sublattice. As mentioned above, a clear peak in ε a has been observed at this boundary.
We recall that in magnetic field-dependent experiments ( 
IV. DISCUSSION
The series of the magnetoelectric transitions presented here is in agreement with previous experiments in GdMn 2 O 5 [5, 20, 21] . Figure 7 reproduces the main features of the phase diagram in Fig. 4 (for H a) and of the field-dependent polarization given in Fig. 3 . The polarization data are given as color scale and they fit well in the magnetoelectric phase diagram. Magnetic field dependence of the electric polarization in Fig. 3 is rather complex. Remarkable is a sharp decrease of P b in at fields ∼ 5 T, which is followed by a step-like increase 
